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Abstract: Accurate and timely assessment of burn wound severity is a
critical component of wound management and has implications related to
course of treatment. While most superficial burns and full thickness burns
are easily diagnosed through visual inspection, burns that fall between these
extremes are challenging to classify based on clinical appearance. Because
of this, appropriate burn management may be delayed, increasing the risk of
scarring and infection. Here we present an investigation that employs
spatial frequency domain imaging (SFDI) and laser speckle imaging (LSI)
as non-invasive technologies to characterize in-vivo burn severity. We used
SFDI and LSI to investigate controlled burn wounds of graded severity in a
Yorkshire pig model. Burn wounds were imaged starting at one hour after
the initial injury and daily at approximately 24, 48 and 72 hours post burn.
Biopsies were taken on each day in order to correlate the imaging data to
the extent of burn damage as indicated via histological analysis. Changes in
reduced scattering coefficient and blood flow could be used to categorize
burn severity as soon as one hour after the burn injury. The results of this
study suggest that SFDI and LSI information have the potential to provide
useful metrics for quantifying the extent and severity of burn injuries.
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1. Introduction

In the United States, 500,000 people annually seek out treatment for burns and almost 10% of
that group will require hospitalization [1]. One of the most challenging and critical aspects for
clinicians treating burn wounds is accurately diagnosing burn severity. This is because the
treatment plan for a patient is directly related to the initial diagnosis. Superficial (first-degree)
burns are minor and will generally heal on their own, but full thickness (third-degree) burns
that destroy the thickness of the dermis and parts of the underlying hypodermis require
surgical intervention. While superficial and full-thickness burns types are relatively
straightforward for clinicians to diagnose based on appearance, it is more difficult to
categorize partial thickness burns (second-degree) that can fall in between the superficial or
deep category. The accuracy of diagnosing these partial thickness burns by clinicians is
typically 60-80% when the diagnosis is done several days after the burn injury [2-4].
However, when clinicians attempt to make the diagnosis within the first 24-48 hours of the
occurrence of a burn, the accuracy of the diagnosis decreases to 50% [5]. This is largely due
to the dynamic nature of burn wounds during the first 48 hours. This is also the reason that
clinical assessments are typically made several days after the initial burn [2] even though
earlier intervention has been shown to improve healing [6], reduce complication rates
(infection, scarring) and shorten hospital stays for patients [7-9]. This highlights the rationale
for developing new objective techniques that will enable more timely decision making related
to burn wound severity and management.

Efforts to improve upon the objectivity of burn severity assessment have focused on the
use of technologies to observe blood flow, the patency of the microvasculature, and overall
tissue damage and include methods such as thermography, vital dyes, indocyanine green
video angiography and laser Doppler techniques [2]. Recently we have reviewed technologies
that have been employed to assess burn severity [10]. Of these technologies, Laser Doppler
Imaging (LDI) appears to offer the best data-supported estimates of burn severity [2, 5, 11].
LDI allows a clinician to visualize the spatial variation of perfusion, a key indicator of burn
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depths and eventual healing times. One of the issues associated with LDI, however, is that the
analysis often measures relatively superficial blood flow, when quantitative, deeper analysis
would be more informative to burn management, particularly with respect to differentiating
superficial partial thickness burns from deep partial thickness burns [2, 3]. In addition, for
many of the LDI systems that are currently available, the laser is mechanically scanned over
the patient for up to 5 minutes per image, resulting in movement artifacts and long data
collection times for large surface area burns [3]. The detection of blood flow alone does not
provide the definitive information regarding tissue health, particularly in the case of partial-
thickness burns [2, 3]. LDl is less accurate when utilized within the first 24-48 hours of injury
[5, 11] and healing studies indicate that it is not until post-burn day 3 that severity assessment
using LDI becomes significantly better than clinical assessment [5].

Recently, feasibility studies using terahertz (THz) imaging have been carried out with the
objective of gauging its potential as a burn severity assessment tool [12]. Reflective THz
imaging relies on the dielectric properties of water to reflect the signal of interrogated tissue.
Electromagnetic waves in the 1 mm — 0.1 mm (300 GHz — 3 THz) regime are generated by a
femtosecond pulse laser and raster-scanned over a region of tissue. The variance in the
measured reflectance is proportional to the local water content [13]. Thus, edema response in
burn tissue has become a key research area in biological tissue. Unfortunately, the signal is
affected by surface irregularities, scan times are slow and the instrument cost (> $100,000) is
generally prohibitive in its current state of development. This approach also does not provide
information related to hemodynamics. Photoacoustic microscopy (PAM) is another
technology that is being investigated by various groups to image burn wounds [14, 15]. In
experimental models of burns, PAM was able to distinguish different durations of thermal
exposure within minutes of injury. While this research appears to be promising, PAM
approaches are limited to a relatively small field of view (mm) which limits practicality in
terms of canvassing large areas of burn tissue, as they are often highly heterogeneous in terms
of burn severity.

Finally, both traditional diffuse reflectance spectroscopy (DRS) and imaging have been
investigated within the context of burn wounds by various groups [16-19]. Visible and near
infrared (NIR) polarized light is used to illuminate the tissue and the remitted cross-polarized
light is captured with a camera or fiber to isolate subsurface features in tissue. Primary
contrast mechanisms in tissue are oxygenated and deoxygenated hemoglobin in the visible
wavelength regime and the same plus water in the NIR. DRS at visible wavelengths has a
limited penetration depth and is suited to assessment of superficial wounds [20]. NIR light
has the benefit of enabling imaging several millimeters deep in tissue and has been applied to
pre-clinical burn measurements [16, 19]. However, in the absence of an appropriate
accounting system that can separate and resolve changes that result from absorption and
scattering, these techniques can suffer from inaccurate results that have limited the
progression of the technology in the clinic.

Spatial frequency domain imaging (SFDI) is a unique, wide-field imaging modality that
has been invented, and developed at the Beckman Laser Institute (BLI). It is based on diffuse
optical spectroscopic principles and is well-suited for quantitative imaging of tissue [21-28].
This non-contact, in-vivo technique provides quantitative, spatial maps of tissue optical
properties and biochemical composition for fields of view over 100 cm?. SFDI is potentially
able to quantitatively capture information related to collagen denaturation (via scattering
changes), hemodynamics and vascular damage each of which have the potential to provide
clinicians with objective means to assess burn wound severity.

Laser speckle imaging (LSI) is a noninvasive technique based on the analysis of
fluctuations in a speckle pattern to quantify motion such as blood flow. While LDI and LSI
essentially measure the same physiological phenomenon, LSI has the ability to image an
entire field of view at a single time point and in real-time as opposed to LDI which must take
time to scan over a similar region. As such, LSI has the potential to avoid artifacts associated
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with movements or small hemodynamic fluctuations to assess changes in blood flow that
could be associated with varying burn severity.

If the structural and functional information quantified by SFDI and LSI can provide
diagnostically compelling information at earlier time points than visual inspection and LDI,
this would suggest the potential for shorter hospital stays for patients and improved wound
healing [6]. While earlier studies examining these imaging technologies in rat burns have
been promising [28], porcine skin is a much closer surrogate to human skin [29]. In order to
further investigate how the physiological parameters measured by SFDI and LSI could
noninvasively characterize burn severity, we examined the performance of these techniques in
a controlled swine burn model. Burn wounds of graded severity ranging from superficial
partial thickness burns to full thickness burns were created on the dorsum of a pig, and burn
extent was verified histologically. We examined these burn wounds with SFDI and LSI at 1
hour post burn, and then again every subsequent day, at approximately 24, 48 and 72 hours
post-burn.

2. Methodology
2.1 Spatial frequency domain imaging (SFDI)

The setup for the SFDI instrumentation has been described in detail before [30, 31], and a
brief description is provided below. A prototype clinical imaging system (v100, Modulated
Imaging Inc., Irvine, CA) was used to acquire the burn data. The instrument consisted of a
near-infrared camera with cross-polarizers to reduce specular reflection. A light source with
LEDs centered at 658, 730, and 850 nm [32] was projected off of a spatial light modulator,
Digital Micromirror Device (DMD Discovery 1100, Texas Instruments Inc., Dallas, TX).
These devices were housed in a compact cubic enclosure (~1 ft*) that was mounted on an
articulating arm attached to a portable cart. The field of view was approximately 13.5 cm X
10.5 cm. A sinusoidal pattern of 0.2 mm™ frequency was projected onto the sample at three
phases (0, 120, and 240 degrees) by each of the LEDs in addition to uniform DC illumination
(0 mm™) and a profilometry measurement. It took approximately 12 seconds to collect one
sequence of data, and this process was repeated every 30 seconds. Custom C# software
(Modulated Imaging Inc., Irvine, CA) was used to control the hardware.

We have described the procedure for determining absorption and reduced scattering
coefficients in previous publications [28, 30, 31]. Briefly, MATLAB (Natick, MA) was used
to analyze the collected image data. The demodulation of the three phase images was used to
determine the AC component while the DC component was determined from the uniform
illumination images. This data was then used to estimate the absorption and reduced
scattering coefficient properties based on a lookup table. Using an analysis approach similar
to what we have employed in previously reported SFDI based research [30], a single white
Monte Carlo simulation was generated and then scaled to determine lookup table values for
different optical properties [33]. A surface profilometry calibration measurement of a sample
with known optical properties was used to correct the effects of surface curvature and day to
day instrument variations [34]. The absorption maps at each wavelength were used to
estimate chromophore concentration maps of oxygenated and deoxygenated hemoglobin that
could be converted to tissue oxygen saturation (stO,) by dividing oxygenated hemoglobin by
the sum of oxygenated and deoxygenated hemoglobin. Maps of the reduced scattering
coefficient at each of the wavelengths were also generated using this technique.

2.2 Laser speckle imaging (LSI)

The LSI instrument consisted of three main hardware components: a laser source, CCD
camera, and computer. The laser source was a continuous-wave HeNe laser light (A = 633 nm,
30 mw, Edmund Industrial Optics, Barrington, NJ). The CCD camera was a
thermoelectrically-cooled Retiga 2000R (QImaging, Burnaby, BC, Canada) with a pixel
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resolution of 1600 x 1200 (1.92 megapixels, each pixel having dimensions of 7.4 um x 7.4
um). The laptop (Sager P170EM, City of Industry, CA) was equipped with a GTX650
Graphics Processing Unit (GPU) (NVIDIA, Santa Clara, CA). A laser speckle pattern was
generated by the 633nm laser source and projected onto the region of interest. This raw laser
speckle image was then recorded with the CCD camera and processed on the computer using
custom LabVIEW (Version 8.0, National Instruments, Austin, TX) software, integrating
CUDA GPU code to carry out real-time LSI imaging and processing at a rate of eight frames
per second [35, 36]. The processed speckle image provides a blood flow map for the region of
interest. Blood flow is quantified by a metric known as Speckle Flow Index (SFI), which we
have described previously [36]. Regions in which SFI values are high correspond to high
blood flow and regions in which SFI values are low indicated areas of low blood flow. Data
was collected sequentially for every burn wound using the LSI and SFDI instruments. A
schematic of illustrating the data collection geometry using devices is shown in Fig. 1 below.

SFDI LED
Light Source
N SFDI CCD
LSI Camera Spatial » Camera
AN Light i
Long Pass

LSI Laser - - Filter

Polarizer

i Bl

Fig. 1. Diagram illustrating the data collection geometry used in the experiment.
2.3 Animals

All experiments were performed in accordance with the United States Army Institute of
Surgical Research Animal Care Use Committee (protocol #A-13-018). Two Yorkshire pigs
(49.5 kg average weight) were used in this experiment. Animals were individually housed,
had access to water, and acclimated to the facilities for at least 7 days prior to use. Animals
were fasted the day before anesthesia, at which time a transdermal fentanyl patch (100ug/hr)
was placed on the ear.

Prior to anesthesia for the burn procedure and debridement (days 0 and 4 respectively),
the pig was premedicated with glycopyrrolate (0.01mg/kg, IM) to minimize salivation and
bradycardia during the surgical procedure. Anesthesia was induced with an intramuscular
injection of tiletamine-zolazepam (Telazol, 6 mg/kg). Animals were then intubated with an
endotracheal tube and placed on an automatic ventilator with the initial tidal volume at 10
ml/kg, peak pressure at 20 cmH,O and respiration rate at 8 to 12 breaths per minute. The
ventilator setting was adjusted to maintain an end tidal PCO, of 40 £ 5 mmHg, and anesthesia
was maintained with 1% to 3% isofluorane (balance oxygen). Vital signs were continuously
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monitored and kept constant by adjusting anesthesia levels. A heating blanket was used to
maintain a constant body temperature (36-38°C).

2.4 Creation of controlled, graded burn wounds

Controlled, graded burn wounds were created using a custom-made device setup described
previously [29]. Briefly, cylindrical brass probes (3 cm diameter) with stainless steel posts
were fabricated to fit into a spring loaded Teflon insulated device to ensure a consistent,
reproducible pressure when applied to the skin (Fig. 2(a)). The brass probes were placed in a
hard-anodized aluminum block, and heated in a warm bath incubator to 100°C. Hair was
removed from the dorsum of the swine with clippers, and the back was sterilized with
chlorohexidine. A 3 cm circular tracing template was used to mark areas for burn wound
placement. These were located 1.5 cm from the spine and 2.5 cm away from each other (Fig.
2(a)) in order to allow enough space so that each wound would be independent and free of
competing healing responses from adjacent burn areas [29]. In all, 16 wounds were created on
either side of the spine, with contact times of 5, 10, 15, 20, 25, 30, 35, and 40 seconds (Fig.
2(b)). Wounds (n = 4 per contact time) were dressed with a non-adherent gauze (Telfa, Tyco
Healthcare, Mansfield, MA) along with antibiotic loban (3M, St. Paul, MN), all held in place
with Elastikon surgical tape (Johnson and Johnson, New Brunswick, NJ).
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Fig. 2. Methodology of burn wound creation. a) Top panel shows the dorsum of a pig, with
outline for wound spaces delineated. Serrated line shows the spine of the animal. Bottom
panels show custom made device made to handle 3cm brass blocks. Spring-loaded device
ensures consistent applied pressure. b) Cartoon schematic of the animal highlighting the 3 cm
wounds created. For every wound, biopsies (dashed circles) were taken just after burn wound
creation (hour 1) as well as hours 24, 48, and 72 post-burn. Solid black lines indicate
approximate histological section.

2.5 Histopathology

After the creation of the burn areas at 1 hour post burn, and then again every subsequent day
at approximately 24, 48 and 72 hours post-burn, 8 mm biopsy punches were taken from the
edge of each burn wound for histological analysis (Fig. 2(b)). Skin biopsies were fixed in
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10% buffered formalin for 48 hours, processed, embedded in paraffin and then cut into 6 um
cross-sectional slices. Slides were cleared in xylene and rehydrated to water where they were
ready for staining. Masson’s trichrome stain (Sigma Aldrich, Catalog HT-15) was performed
for determination of burn severity.

Sections from entire wound biopsies were imaged at 4x magnification, and subsequently
stitched together. Measurement of burn depth was performed with ImagePro software version
6.2 (Media Cybernetics, Bethesda, MD). For each biopsy image, the edge of the wound was
identified as the disappearance of fibrillar collagen in the reticular layer of the dermis. The
entire area from this edge through the rest of the biopsy (the burned portion of the biopsy)
represented ~74% of the entire width of the biopsy. Burn depth (as defined by collagen
coagulation) was measured at 5 evenly spaced intervals beginning with the edge of the wound
bed, extending to the border of the biopsy (Fig. 3(b)). The five values were averaged to give
an overall percentage of collagen coagulation (e.g. burn severity: superficial partial thickness,
deep partial thickness, full thickness) for each wound on each day.

2.6 Statistical analysis

For each burn category (superficial partial thickness, deep partial thickness and full thickness
burns), a series of paired student’s t-tests were used to assess differences in stO, and
scattering properties measured through SFDI, blood flow measured using LSI and collagen
coagulation as reported by histology. In order to analyze each parameter deduced using LSI
and SFDI image information, a region of interest (ROI) within the burn wound was selected.
This ROI was within the burned section of the region that was biopsied after imaging (each
day). Four control regions were also selected away from the burned areas to be used as
normal tissue. The values of each parameter were averaged across burns of the same severity
and are represented as box and whisker plots where the bottom and top of the boxes show the
first and third quartiles, the band inside the box is the second quartile (the median), and the
ends of the whiskers represent the min and max value. A p value less than 0.05 was
considered statistically significant for this study.

3. Results
3.1 Histology measured collagen coagulation changes

Macroscopic color (Fig. 3(a)) and histology images (Fig. 3(b)) at 24 hours for representative
burn wounds are shown. Partial thickness burns (both superficial and deep) appeared
pale/blanched throughout the spatial extent of the wound. All burn wounds were delineated
by a prominent red ring representing the zone of hyperemia [37]. Superficial partial thickness
burns were indistinguishable from deep partial thickness burns based on visual inspection as
both burns appeared pale/blanched (Fig. 3(a)). In contrast, full thickness burn wounds
appeared leathery and darker, as has been described in the clinical literature [38] allowing for
straightforward visual identification. Masson’s trichrome staining (Fig. 3(b)) did, however,
enable a distinction between superficial partial, deep partial, and full thickness burn wounds.
The staining, commonly used to assess the depth of burn injury [39], results in connective
tissue (i.e. collagen) appearing blue, muscle appearing dark red, and the epithelium a light
pink/magenta. Highlighting the collagen makes it easier to visualize the damage and
subsequent disorganization associated with collagen coagulation. Figure 3(b) shows solid
lines marking the depth of collagen coagulation, while dashed lines show undamaged,
structured collagen. Histological quantification of collagen coagulation [40] revealed a
statistically significant correlation between probe contact time and burn severity as assessed
by collagen coagulation at 24 hours post injury (Fig. 3(c)). This correlation (r* = 0.84) was
better than what was seen immediately post-burn, however, there was not a progressive
improvement in the correlation at hours 1, 48 and 72 (r? = 0.72, 0.89 and 0.78, respectively;
data not shown).
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Fig. 3. a) Color images of representative burn regions at 24 hours. A prominent red ring
representing the zone of hyperemia clearly delineates the edge of the wound bed and the initial
1 hour biopsy punch can be seen in the upper left corner of each wound. b) Trichrome images
of burns 24 hours post-injury for 10 second (superficial-partial thickness), 20 second (deep
partial thickness) and 40 second (full thickness) burns. Solid black lines indicate collagen
coagulation depth, while dashed black lines indicate full thickness of the skin sample. Arrows
indicate fully epithelialized hair follicles in superficial burns, while hair follicles in deep partial
and full thickness burns are damaged with the epithelium sloughed off. c) Quantification of
collagen coagulation depth reveals that contact time correlates well with percent dermal
collagen coagulated as determined from histology at 24 hours post injury.

Examining the average collagen coagulation in histology for different burn contact time
over the course of all four days further highlights the linear relationship between the two. By
24-hours post-injury it was possible to split burns into three distinct categories (Fig. 4).
Contact times of 5 and 10 seconds were categorized as superficial partial thickness burns with
typical values of collagen coagulation below 35%, while contact times of 30, 35 and 40
seconds were categorized as full thickness burns and showed over 65% collagen coagulation.
Contact times of 15, 20 and 25 seconds were categorized as deep partial thickness burns and
remained in between 35% and 65% coagulation. The difference in collagen coagulation for
superficial and deep partial burns was statistically significant at hour 1 (p<0.001), 24
(p<0.001), 48 (p<0.001) and 72 (p = 0.001).
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Fig. 4. Box and whisker plot of average collagen coagulation for three distinct burn categories.
Time points at which there were statistically significant differences between groups are
indicated with an asterisk.

3.2 LSI measured blood flow changes

Changes in blood flow measured using LSI and quantified through the speckle flow index are
depicted in Fig. 5. An example of a typical LSI image for each burn category is shown on
hour 1 and hour 72 (Fig. 5(a)). While all burn wounds experienced a decrease in blood flow
from normal tissue (SFI of 923), more severe burns experienced a larger reduction in blood
flow. The difference in blood flow for superficial partial thickness and deep partial thickness
burns was statistically significant at hours 1 (p = 0.002), 24 (p = 0.004), and 72 (p = 0.007)
(Fig. 5(b)). While there were statistically significant differences between superficial partial
thickness and full thickness burns at all time points (hour 1 (p<0.001), hour 24 (p = 0.003),
hour 48 (p = 0.008) and hour 72 (p<0.001)), there were no statistically significant differences
in SFI between deep partial thickness and full thickness burns.
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Fig. 5. a) Representative images of blood flow for the three burn categories at hour 1 and hour
72. b) Box and whisker plot of average blood flow for different burn categories as determined
using laser speckle imaging. Time points with statistically significant differences between
groups are indicated with an asterisk.

3.3 SFDI measured oxygen saturation changes

The SFDI derived stO, images for a typical superficial partial thickness burn and one of the
more severe full thickness burns are shown in Fig. 6(a). A box and whisker plot of stO,
values is shown in Fig. 6(b) below. While there was a decrease in stO, values from normal
tissue oxygen saturation (64%) across all burn wounds, there were no statistically significant
differences between the superficial partial thickness and deep partial thickness burn groups
across any of the days observed. There were statistically significant differences in stO,
between deep partial thickness and full thickness burn groups at hour 24 (p = 0.006) and hour
48 (p = 0.006). There were also statistically significant differences between superficial partial
thickness and full thickness burns at all time points (hour 1 (p = 0.018), hour 24 (p = 0.008),
hour 48 (p<0.001) and hour 72 (p = 0.016)). Other parameters such as oxygenated and
deoxygenated hemoglobin that can be quantified using SFDI were examined but provided
similar results (data not shown).

#217716 - $15.00 USD Received 24 Jul 2014; accepted 28 Aug 2014; published 8 Sep 2014
(C) 2014 OSA 1 October 2014 | Vol. 5, No. 10 | DOI:10.1364/BOE 5.003467 | BIOMEDICAL OPTICS EXPRESS 3477



a) Full Superficial partial Full Superficial partial

Thickness Thickness Thickness Thickness
' 2 80
§
. 40 &
. g
¥ & '_v.-A;‘.".f A 20
Hour 1 Hour 72
b)
70 =
1 \ *
Superficial 60 *| * 7
partial — —E- 'E‘ r )
thickness X 50F 1 o E B = T T
____ Deep partial ON 40 B . 5 i i E E at
thickness k7S | | ! i
30r | 4 | i | .
— Full i ! 18 AL i : i
Thickness 20f I i i i i -
10 _ 2 n

(=Y
N
S
S
0o
~
N

Time (hours)

Fig. 6. a) Images of stO, for a superficial partial thickness burn and a full thickness burn at
hour 1 and hour 72. b) Box and whisker plot of average stO, values for different burn
categories. Time points with statistically significant differences between groups are indicated
with an asterisk.

3.4 SFDI measured reduced scattering changes

Representative reduced scattering coefficient images (ls”) at 850nm for the three different
categories of burns are shown in Fig. 7(a) below. A box and whisker plot of the SFDI derived
reduced scattering coefficient for all three burn categories is shown in Fig. 7(b). There was a
decrease in the reduced scattering coefficient for full thickness burns relative to the reduced
scattering coefficient for normal skin (1.12 mm™) as early as 1 hour after the burn. However
partial thickness burns saw an increase in reduced scattering coefficient. There was a
statistically significant difference in the reduced scattering coefficient for superficial partial
thickness and deep partial thickness burns at hours 1 (p = 0.002), 24 (p = 0.013), 48 (p =
0.010) and 72 (p = 0.008) (Fig. 7(b)).
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Fig. 7. a) Representative images of the reduced scattering coefficient for the three burn
categories at hour 1 and hour 72. b) Box and whisker plot of average reduced scattering
coefficient values for different burn categories. Time points with statistically significant
differences between groups are shown with an asterisk.
3.5 Summary

Table 1 summarizes the average values obtained from the different methodologies at four
distinct time points for superficial partial (SP), deep partial (DP) and full thickness (FT)
burns.

Table 1. Summary of Results

1 Hour 24 Hour 48 Hours 72 Hours

Parameter P DP  FT s DP FT P DP FT s DoP FT

0,
Collagen (%) 28 59 25 50 g4 2% 51 85 2% 51 78
Coagulation
‘(38'2:’)"' Fow 490 441 426 512 456 445 542 472 425 487 434 411
StO; (%) 45 42 36 45 42 31 46 42 30 45 40 32
1e* (mm) 144 121 101 136 122 102 139 125 104 141 129 102
4. Discussion

While we have previously shown the ability to create controlled burn wounds in a rat model
[28], porcine skin more closely resembles human skin in terms of optical and anatomic
properties, including thickness [29]. Here we have demonstrated the ability to consistently
create wounds of graded burn severity in a porcine model (Fig. 3(c)). By using collagen
coagulation as reported by histological assessment of biopsies to verify burn extent, we were
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able to reliably categorize burn wounds into superficial partial thickness, deep partial
thickness and full thickness. One challenge of relying on histological assessments from punch
biopsies is the potential for sampling variability from heterogeneous burns. Spatial
heterogeneity in porcine models of thermal injury has been well documented before [29, 41—
43], and despite focused efforts to create spatially homogeneous burn wounds, there is some
expected heterogeneity in the current study. Still, the effect of contact time is the dominating
factor for differences in burn depth among wounds. Moreover, the benefit of using imaging
technologies having the inherent ability to provide spatially resolved information is that these
techniques enable the user to select regions of interest in the image data that co-register with
the biopsy area in order to make measurements on different days directly comparable.

The collection of biopsies tissue from burn regions is necessary to determine the true
extent (depth) of injury [4]. For a longitudinal study over the course of several days, this
introduces the potential that the biopsy wound could become a confounding factor when
analyzing the burn wound. However, we have taken steps to mitigate this by placing the
biopsies along the perimeter of the wound to maximize the distance between them and ensure
only a small section of the burn wound is disturbed. Additionally, because we employed the
same biopsy procedure on all burn wounds, the effects of this would be seen across all groups
and not affect the ability of the techniques described to categorize the burn wounds.

While full thickness burns can typically be easily distinguished from partial thickness
burns, superficial partial thickness and deep partial thickness burn initially look similar (Fig.
3(a)) and are typically not differentiated clinically until several days after the burn injury [2—
4]. Because earlier intervention has been shown to shorten hospital stays [7-9] and improve
the healing response for patients [6], we examined these burn wounds with LSI and SFDI
shortly after the initial burn and for three days post-burn to determine when these imaging
techniques could reliably categorize burn severity.

LDI has emerged as a popular technique for examining burn wounds [2, 5, 11] because of
its ability to assess burns earlier and more accurately than a clinical assessment [5, 44].
However, studies have shown that LDI is not significantly better than clinical assessment
until day 3 following a burn injury [5]. In this study we saw that LSl was able to detect
decreases in blood flow that correlated with burn severity shortly after the burn wound was
created. This flow information could be used to distinguish superficial partial thickness burns
from deep partial thickness burns. However, this success is likely due to the controlled
environment that these burns were created and in which our measurements were made. In a
typical clinical environment, because of the variability from patient to patient and the
dynamic nature of blood flow shortly after an injury, many groups have concluded that
looking at changes in blood flow alone (using LDI or LSI) is generally not sufficient (less
than 80% accurate) for categorizing partial thickness burn wounds during the initial 24 hours
[2, 5, 44, 45]. The advantage of LSl is that it can quickly provide blood flow information non-
invasively over a large field of view without the need to scan a laser source. The benefit of
blood flow data has been suggested by literature that has reported on LDI results, however,
this technology that reports flow does not provide insight into the important structural
changes that occur in burn wounds shortly after injury.

As illustrated in the results, SFDI can be used to quantify chromophore concentrations and
optical properties over a wide field-of-view. Observed changes in SFDI derived parameters
such as the reduced scattering coefficient may be useful for rapidly and non-invasively
assessing burn severity (Fig. 7). Changes in blood flow are a physiological response to a burn
injury, but changes in scattering properties are a direct result of changes to the size and
structure of the tissue as a result of the thermal damage. This is a likely reason we can see
such dramatic changes in scattering properties one hour after the burn injury (Fig. 7(a)),
similar to what we have seen previously in rats [28]. While the time to collect and analyze
SFDI data (approximately one minute) is longer than is required for LSI, SFDI is capable of
quantifying the structural information that could be useful for categorizing burn wounds
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shortly after injury. SFDI is also capable of measuring physiological parameters including
local tissue oxygen saturation, oxygenated hemoglobin and deoxygenated hemoglobin, but
none were capable of reliably distinguishing burn categories over the four days we observed
the wounds. We do expect that these parameters will have the potential for quantifying the
dynamic healing response of burns typically seen about one week after the initial injury [45].
We expect that this capacity will be interesting within the context of looking at various burn
wound healing interventions

One challenging aspect of making measurements in a clinical environment is the intrinsic
variability in skin from patient to patient. A benefit of examining burn wounds is that the
damage resulting from the burn process likely overwhelms this variability. Differences
between individuals related to differences in pigmentation, skin hydration, and the changes in
collagen associated with aging are likely overwhelmed by destruction of the epidermal layer
where melanin resides, edema creating changes in water concentration, and the
denaturation/hyalinization of collagen respectively. A unique facet of burn wound care in the
United States is that more than 75% of the cases that require hospitalization are handled by
one of the 127 hospital burn centers [5]. If the proposed work provides significant
improvement over the current standard of care, it would be reasonable to get this technology
into a large number of burn centers so that the benefits could be seen by the most patients.
The information provided by SFDI and LSI also has the potential to be used for more than
just burn wound categorization. By quantifying several aspects of tissue health, this
technology has the ability to carry out quantitative longitudinal research oriented around
assessment of the efficacy of different burn treatment options.

5. Conclusion

We have investigated two non-invasive tools: SFDI, capable of characterizing in-vivo
scattering and absorption changes, and LSI, capable of characterizing blood flow changes, as
methods to non-invasively predict burn severity. Burns ranging from superficial partial
thickness to full thickness in a porcine model were monitored over three days. Here, we have
demonstrated that monitoring changes in blood flow can distinguish superficial partial and
deep partial thickness burns at one hour after burn injury. Additionally changes in the reduced
scattering coefficient can differentiate superficial partial, deep partial and full thickness burns
at one hour after injury. These techniques have the potential to predict burn severity at the
earliest stages, which is critical for guiding treatment options.
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